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ABSTRACT
Background: The localization and organization of language has
been an ongoing research interest ever since the early findings of
Paul Broca. The emergence of neuroimaging the past 20 years has
given us new insights on the anatomical and structural organization
of the brain. Lesion studies on patients with aphasia can provide
knowledge on where and how specific language functions are
organized in the brain.
Aims: The primary objective of the study was to investigate the
relationships between aphasia severity, aphasic symptoms, lesion
location and lesion volume in patients with left hemispheric stroke
in the acute phase (within one week post-stroke). Using a voxel-
based lesion-symptom mapping method (VLSM), we hypothesized
that lesions associated with speech comprehension deficits mainly
would involve regions within the posterior superior and middle
temporal lobe, and lesions associated with speech production def-
icits would mainly be associated to the inferior frontal areas of the
left hemisphere.
Methods & procedures: Findings from diffusion-weighted mag-
netic resonance imaging (DWI-MRI) and patients’ scores from the
Norwegian Basic Aphasia Assessment (NBAA) were used to investi-
gate our research questions. We did a whole group analysis of
descriptive statistics, lesion localization and lesion volume. We there-
after divided the patients into two groups based on their median
scores on the NBAA, one high comprehension group and one low
comprehension group. We used VLSM to investigate the associations
between the patients’ lesions and the results from the NBAA.
Outcomes & Results:Lesion volume was significantly associated
with all subtest from the NBAA. Our initial analysis of the whole
group showed that difficulties in naming was associated with lesions
within the rolandic operculum. We also found that difficulties in
repetition was associated with lesions within the rolandic operculum,
and in addition, the superior temporal gyrus. In the group of patients
with high comprehension scores lesions within Broca’s area, insula,
the superior temporal gyrus (STG) and Heschl’s gyrus were found to
be associated with difficulties with overall aphasia severity,
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repetition, naming, and reading out loud from the NBAA.
Conclusions: Lesion volume is strongly associated with aphasia
severity in the acute stages of stroke. Further, lesions within Broca’s
area, the insula, the STG and Heschl’s gyrus were found to be crucial
areas in language comprehension and production. This confirms
current views that speech and language processes depend on the
integrity of the entire network comprising both cortical structures
and their interconnected fibre tracts.
Introduction
The neurobiology of language
Aphasia canbedefined as an acquired communication disorder, and can cause impairments in
verbal comprehension and production, and in reading and writing. The most common cause
of aphasia is left hemispheric stroke (Hallowell & Chapey, 2008). The neurobiological localiza-
tion of language functions has been an ongoing research interest ever since the clinical
findings of Paul Broca and Carl Wernicke in the late 19th century. The research on the
neurobiological basis for language has mainly focused on lesion studies, but the past twenty
years research on healthy language processing using functional magnetic resonance imaging
(fMRI) has sought to understand how language is organized and processed in the brain
(Friederici, 2011; Price, 2000; Price & Crinion, 2005). Language processing is now considered
a complex system dependent of several neural sites and connections within the brain
(Damasio, 2008).
Lesion size or lesion location?
Several studies have investigated the role of lesion size and lesion location in patients with
aphasia (Cherney & Robey, 2008; Crinion, Holland, Copland, Thompson, & Hillis, 2013a;
Plowman, Hentz, & Ellis, 2012). However, the quantification of lesion volume differs across
studies depending on MRI-sequence and variability in quantification methods that makes it
difficult to compare results across studies. Crinion et al. (2013a) requested a gold standard
for quantifying lesion volume and concluded that until the standard is clear researchers
should thoroughly explain and define cut offs and quantification procedures when report-
ing findings from lesion quantification studies. Using diffusion tractography Forkel et al.
(2014) found that lesion volumewas a predictor of aphasia recovery six months post-stroke.
Plowman et al. (2012) investigated stroke related factors in post-stroke recovery, and found
that both lesion volume and lesion site was associated with aphasia severity six months
post-stroke, however initial aphasia severity was found to be the most predictive factor of
aphasia recovery. However, there seems to be an agreement that lesion location might be
more important to consider than lesion size when investigating initial aphasia outcome
post-stroke (Cherney & Robey, 2008; Crinion, Holland, Copland, Thompson, & Hillis, 2013b).
This view has been supported by recent neuroimaging studies, indicating that focal
lesions of certain cortical areas or fibre tracts can have a substantial impact on recovery and
therapy outcome (Abel, Weiller, Huber, Willmes, & Specht, 2015; Specht et al., 2009). In
2 H. DØLI ET AL.
addition, there is growing evidence that lesions also have remote effects through disinhibi-
tion (Price & Crinion, 2005; Saur et al., 2006) or altered perfusion (Robson et al., 2017).
Towards a new model of language processing
The Classic Model of the neurobiology of language was developed by Geschwind (1965)
and is based on the functional view upon language that emerged after the findings of
Broca and Wernicke (Geschwind, 1965a, 1965b). To simplify, the Classic Model focuses on
the associations between language functions and brain structures. Within the Classic
Model, language processing is considered to be dependent on activation of the posterior
temporal area (referred to as Wernicke’s area) which is responsible for auditory compre-
hension, storage, synthesis and overall language comprehension. In the Classic Model, the
location of Wernicke’s area is assumed to comprise the posterior third of the superior
temporal gyrus (STG), on the border between the temporal and parietal lobe. Further,
Broca’s area is postulated to be within the anterior inferior frontal area and is thought to
be crucial for the production of oral and written language. According to the Classic Model,
a fiber tract, the arcuate fasciculus, is essential for the flow of information from the
posterior language areas to the anterior language areas making language processing
possible (Geschwind, 1965a, 1965b).
The Classic Model of language has dominated the view on language processing since it
emerged in the 1960s. However, newer neuroimaging studies using functional neuroima-
ging and voxel-based lesion symptom mapping (VLSM) have facilitated several new
theories on the neurobiology of language. Tremblay and Dick (2016) argue that the
Classic Model of language is outdated, and more precise anatomical definitions should
be used in the neurobiological descriptions of language processes. Further, the authors
argue that there is no precise anatomical definition of Broca’s and Wernicke’s area;
therefore, the field of the neurobiology of language should be updated with new
evidence from research on language processing. Poeppel and Hickok (2004) also argue
that the Classic Model is empirically incorrect as it does not account for the aphasic
syndromes and is underspecified in its neuroanatomical descriptions.
In recent years, several functional neuroimaging and meta-analysis studies have inves-
tigated the neuroanatomical basis of language processing and proposed new models of
language comprehension and language production (Ardila, Bernal, & Rosselli, 2016a;
Dronkers, Wilkins, et al. 2004; Hickok & Poeppel, 2007; Specht, 2014). Based on earlier
findings from lesion analysis (Dronkers, Wilkins, et al. 2004), fiber tractography and
functional connectivity analysis, Turken and Dronkers (2011) suggested a language com-
prehension network including the left middle temporal gyrus (MTG), the anterior superior
temporal gyrus (STG/BA22), the pars orbitalis (IFGpOrb/BA47) and the superior temporal
sulcus (STS/BA39). Further, Turken and Dronkers found that the inferior occipito-frontal
fasciculus, the arcuate fasciculus, and the middle and inferior longitudinal fasciculi, and
transcallosal projections via the tapetum were found to be the most significant white
matter pathways bridging the areas crucial in language comprehension. Finally, the MTG
was found to be a core region in the language comprehension network.
In a meta-analysis of the Brodmann areas (BA) involved in language by Ardila et al.
(2016a) the authors suggested an extended Wernickes’ area for auditory comprehension.
This included the traditional core areas as the planum temporale, the posterior thirds of the
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STG (BA22), the posterior part of the MTG (BA21) and the auditory cortex (BA41/42), and
further including corresponding areas as the inferior temporal gyrus (BA20), the fusiform
gyrus (BA37), the angular gyrus (BA39) and the supramarginal gyrus (SMG/BA40) (Ardila
et al., 2016a). Accordingly, Ardila and colleagues refer to the Brocas’ complex and suggest
extending the borders of Brocas’ area, which traditionally includes the pars opercularis
(IFGpOp/BA44) and the pars triangularis (IFGpTri/BA45), to also include the dorsolateral
prefrontal cortex (BA46), IFGpOrb, supplementary motor area (SMA/BA6), and extending
subcortically towards the basal ganglia. Finally, in their view, the insula (BA13) has a crucial
coordinating role in language production and comprehension (Ardila et al., 2016a).
These results have been confirmed and extended by studies investigating the relation-
ship between the patients’ lesioned areas in the brain and their language specific deficits
by using voxel-based lesion-symptom mapping (VLSM) (Bates et al., 2003). VLSM has
become a commonly used lesion mapping method in aphasia research (Baldo, Arevalo,
Wilkins, & Dronkers, 2009; Dronkers, Wilkins, Van Valin Jr., Redfern, & Jaeger, 2004; Harvey
& Schnur, 2015). VLSM calculates the statistical relationship between performance on
a given task and the status, i.e. lesioned or not, for each voxel of the brain (Crinion et al.,
2013b; Schwartz et al., 2009).
Bates et al. (2003) were one of the first using VLSM. They conducted a study investigat-
ing speech fluency and auditory comprehension deficits in patients with aphasia. Bates
and colleagues found that lesions within the anterior insula were an important contribu-
tor to fluency deficits in aphasia, and the middle temporal areas were associated with
auditory comprehension deficits. Interestingly, they also found that lesions limited to
Broca’s area was not the area that explained fluency deficits in patients with aphasia.
Furthermore, their results showed that lesions within the MTG had a strong association to
the patients’ auditory comprehension difficulties, especially when the contribution of
Wernicke’s area was factored out. Finally, Bates et al. found that the peri-Sylvian areas
contributed to both fluency and comprehension difficulties in patients with aphasia
suggesting that the peri-Sylvian areas account for core language functions. Accordingly,
Dronkers, Wilkins, Van Valin Jr., et al. (2004) found in their lesion study on language
comprehension that the most distinct areas within the left hemisphere were the posterior
MTG and underlying white matter, the anterior STG, the superior temporal sulcus (STS)
and the angular gyrus. This is in line with the results by Baldo et al. (2009), who
investigated the associations between brain lesions and difficulties with category-
specific naming. They found that lesions within the left MTG and STG were associated
with naming difficulties, and that lesioned areas overlapped across naming categories
(Baldo et al., 2009). Finally, Dronkers et al. (2004a) did not find that lesions within either
Broca’s or Wernicke’s area were significant contributors to the language comprehension
difficulties on the given tasks in the study.
The findings from Bates et al. and Dronkers and her colleagues raise important ques-
tions that challenge the traditional assumption about the contribution of Broca’s and
Wernicke’s area in language production and comprehension. However, Bonilha and
Fridriksson (2009) suggest a more pragmatic approach by acknowledging that Broca’s
area is crucial for speech production, but damage and disconnection from surrounding
language areas might also result in fluency disorders (Bonilha & Fridriksson, 2009).
Based on these converging evidences from both functional neuroimaging and lesion
studies, Hickok and Poeppel published in 2007 the dual-stream theory on the cortical
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organization of speechprocessing (Hickok&Poeppel, 2007). In short, the concept of themodel
is that a ventral stream processes signals for auditory comprehension, which involves struc-
tures within the superior andmiddle temporal lobe. The ventral stream interacts with a dorsal
stream which maps acoustic speech signals to the frontal lobe articulatory networks. The
dorsal stream involves structures in the posterior frontal lobe and theposterior dorsal region of
the temporal lobe, and also theparietal operculum. Further, both streams shareneural tissue in
the left posterior STG.While the dorsal stream is left-hemisphere dominant, the ventral stream
is assumed to be bilaterally organized (Hickok & Poeppel, 2007), or may even represent two
separated streams, one for phonological and sub-lexical processing and one for prosody and
voice recognition (Specht, 2014). The precise anatomical areaswhich comprise the ventral and
dorsal stream, and where the two streams diverge is still a debate (Specht, 2014).
Assessment and classification of aphasia
The assessment of aphasia varies across research, languages, and theoretical traditions. One
common way to define aphasia is to conceptualize aphasia dichotomously, such as fluent
versus non-fluent aphasia, or Broca’s versus Wernicke’s aphasia and so forth (Hallowell &
Chapey, 2008). In the present study we used a standardized test of aphasia severity which is
based on the Boston classification of aphasia. The Boston Diagnostic Aphasia Examination
(Goodglass, 2001), and the Norwegian Basic Aphasia Assessment (NBAA) (Reinvang & Engvik,
1980) are designed to classify patients into localization-based classifications of aphasia;
Broca’s, Wernicke’s, anomic, conduction, transcortical motor, transcortical sensory and global
aphasia syndromes. According to the Boston-classification of aphasia, the different aphasia
syndromes have certain hallmark symptoms dependent on lesion location (Hallowell &
Chapey, 2008). The Boston-classification of aphasia is based on the Classic Model of the
neurobiology of language. Even though newer classifications and theories on language
processing and aphasia have emerged, the Classic Model of language neurobiology is still
commonly used as a theoretical framework in aphasia assessment, and the NBAA is the most
frequently used aphasia assessment in Norway.
The primary objective of the present study was to investigate the relationship between
symptoms of aphasia, lesion location and lesion volume in patients with left ischemic stroke
in the acute phase (within one-week post-stroke). We used findings from diffusion-weighted
magnetic resonance imaging (DWI-MRI) and the patients’ scores from the Norwegian Basic
Aphasia Assessment (Reinvang & Engvik, 1980) to investigate our research questions.
Using VLSM, we hypothesized that lesions associated with speech comprehension
deficits mainly would involve regions within the posterior superior and middle temporal
lobe, and lesions associated with speech production deficits would mainly be associated
to the inferior frontal areas of the left hemisphere.
Methods
Participants
The present study is a part of two larger projects at Haukeland University Hospital (HUS); the
Early Supported Discharge after stroke in Bergen-study (ESD) (Hofstad, Naess, Moe-Nilssen, &
Skouen, 2013) and the Bergen NORSTROKE study. From January 2008 throughout
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December 2012 a total of 347 patients were included in the ESD-study. The patients were
recruited from the Stroke Unit of the Department of Neurology at HUS. Of 347 patients
included in the ESD-study a total of 114 (33%) patients with aphasia-like symptoms caused by
stroke were asked to participate in the present study. The patients underwent diffusion-
weighted magnetic resonance imaging within 24 hours post-onset of first symptoms.
Aphasia was diagnosed based on the convergence of clinical consensus and the results
from the NBAA (Reinvang & Engvik, 1980). The patients were tested with the NBAA within
seven days post-onset of initial symptoms. Fifty-three patients were excluded from the study
because they did not have aphasia when diagnosed by the speech and language pathologist.
Of the remaining 66, eight were excluded because DWI-MRI was not performed. Thereafter,
six patients were excluded because of inconclusive MRI findings, three patients had earlier
episodes of stroke, four patients were excluded because of cerebral haemorrhage, and finally
three patients were excluded because of right hemispheric lesions (see Figure 1 for an
overview). Patients with apraxia of speech and dysarthria were not excluded from the study.
Finally, 42 patients (mean age 72.9, SD: 11.8, range: 27–89) were included in the
present study. All patients had first time episode of ischemic stroke and all patients
were native Norwegian speakers. Twenty-four men and 18 women were included, 36
Patients included in the ESD-study (n=347)
Patients with symptoms of language and/or speech 
difficulties and tested with the NBAA (n = 114)
Aphasia group
Confirmed at admission (n = 66)
DWI-MRI at admission (n= 58)
Patients with symptoms of speech and /or 
language difficulties, but not diagnosed 
with aphasia
(n= 53)
Excluded from aphasia group
Inconclusive MRI-findings (n=6)
Earlier episode of stroke (n=3)
Cerebral hemorrhage (n=4)
Right hemispheric stroke (n =3)
Total N
(n=42)
High comprehension group (above 
median score auditory comprehension) 
(n=21)
Low comprehension group (below median 
score auditory comprehension) (n=21)
Figure 1. Flow-chart of patients included in the study.
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were right-handed, one left-handed and five were uncertain. Four patients had lesions in
both hemispheres, and the remaining 38 patients had lesions in the left hemisphere.
Materials and procedures
The Norwegian Basic Aphasia Assessment (NBAA). The NBAA is a standardized Norwegian test
for assessment of aphasia. The testwas developed by Reinvang and Engvik (1980) and is based
on the Boston model of aphasia. The score ranges from 0–217 where 217 is the maximum of
correct responses. The NBAA consists of seven subtests measuring auditory comprehension,
repetition, naming, reading comprehension, reading out loud, syntax, and writing. The overall
aphasia score gives an aphasia profile indicating aphasia severity andwhat type of aphasia the
patient has acquired. However, in the present study we did not divide the patients’ into
aphasia subgroups based on the aphasia types suggested in the NBAA. This was due to the
clinical routines at the hospital where subgrouping the patients based on their results from the
NBAA is not part of the clinical diagnosis of aphasia. The aphasia assessmentwas administered
to all patients as part of the existing research protocol of the ESD-Bergen project.
Diffusion-weighted magnetic resonance imaging
DWI-MRI is a magnetic resonance imaging technique increasingly used in acute stroke
(Neumann-Haefelin et al., 1999). DWI-MRI gives in vivo images and allows a rapid char-
acterization of stroke pathophysiology (Lee, Kidwell, Alger, Starkman, & Saver, 2000). By
using the DWI-sequences one can easily differentiate between old and new lesions by
looking at the white matter hyperintensities which are white when new, and black when
old (Crinion et al., 2013b).
MRI specifications
All patients underwent diffusion-weightedmagnetic resonance imagingwithin 24 hours post-
onset of stroke symptoms. The DWI-MRI data were collected on a Siemens 1.5 Tesla
Symphony using a DWI-sequence with TR 3200 ms, TE 94 ms, field of view 230mm,
128 × 128 matrix, in-plane voxel size 1.8 × 1.8 mm2, slice thickness 5mm, as specification
parameters.
Data pre-processing for voxel-based lesion-symptom mapping
Lesions were traced manually slice-by-slice on patients DWI-images in MRIcron (Rorden,
Karnath, & Bonilha, 2007). Uncertain or unclear cases were excluded because of inconclusive
MRI-findings. Both the DWI images as well as the lesion maps were thereafter normalised
into standard Montreal Neurological Institute (MNI) stereotactic space, using the “old
normalisation” procedure of the SPM12 software. First, DWI images were normalised into
the MNI space using an EPI template, as provided by SPM12. In order to achieve the most
optimal normalisation, the transformationwas based on the non-lesioned tissue bymasking
the individual DWI images with the respective lesion maps. Thereafter, the transformation
was applied to the lesion map, and images were resampled to a voxel size of 2mm3.
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Data analysis
For the VLSM data analysis we used the non-parametric mapping (NPM) software
package in MRIcron (Rorden et al., 2007). In order to correct for multiple comparisons,
we added the non-parametric permutation test to determine the critical t cut-off score
(p < 0.05) which was based on 1,000 random permutations of the data. In order to
control for false positives, Family Wise Error (FWE) control was carried out on the
primary, whole group analysis, and False Discovery Rate (FDR) control was carried out
on all subsequent sub-group analyses. For statistical analysis, the lesion detection
threshold was set to 5% prior the analysis, thus meaning that tests were not run for
voxels with less than 5% of the subjects having damage there. We used a two-sample
t-test where the predictor variable was the two patient groups (if a voxel was lesioned
or not). The outcome variable was the raw scores from the overall aphasia severity score
and each subtest from the NBAA. The colorized maps are based on the resulting t-value
of each voxel. To determine anatomical structures, the Automated Anatomical Labelled
map in MRIcron was used. Lesion volume was quantified using an in-house Matlab
script that extracts the number of voxels of a lesion and estimates its volume, based on
the respective voxel size. Finally, we carried out independent samples t-test to investi-
gate differences in lesion volume between the high and low comprehension group. All
t-tests on lesion volume data, descriptive statistics and frequencies of the behavioral
data were calculated using IBM SPSS v20.
Results
The mean score on the Norwegian Basic Aphasia Assessment was 130.7 (max: 215, min: 0,
SD: 66.5 range: 0–217). A high score on the aphasia test indicates mild aphasia, and a low
score indicates severe aphasia. Descriptive statistics from the patients’ scores on the
subtests from the NBAA are presented in Table 1.
Whole group lesion analysis
Our primary analysis with the whole group of patients showed, using a FWE-corrected
threshold of p < 0.05, that the patients’ performance on the subtests repetition and
naming were found to be associated to lesions within two specific areas. On the subtest
repetition, we found that lesions within the rolandic operculum, and the STG were
significantly associated with the patients’ performance on the repetition subtest.
Table 1. Descriptive statistics of the patients scores on the Norwegian Basic Aphasia Assessment
(n = 42).
NBAA Min/max Mean Median Standard Deviation
Total score 0-215 130.7 152.5 66.5
Auditory comprehension 0-70 47.4 55.5 21.8
Repetition 0-40 22.9 27.5 15.6
Naming 0-41 21.8 25.0 15.6
Reading comprehension 0-23 15.8 20.0 8.2
Reading out loud 0-26 16.0 21.0 10.0
Writing 0-10 4.4 4.5 3.5
Note. NBAA = the Norwegian Basic Aphasia Assessment.
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Further, on the subtest naming we also found that the patients’ results were significantly
associated with lesions within the rolandic operculum (see Table 2).
Group differences based on auditory comprehension scores
In order to disentangle the differential effect of a lesion on comprehension and production
further, the patients were divided into two groups based on the median score on the
subtest auditory comprehension from the NBAA. This was done for several reasons. Firstly,
impaired auditory comprehension is a key symptom of aphasia. Secondly, the division was
based on the descriptive statistics of the patients, when comparing the two groups, auditory
comprehension had the greatest effect size, measured with Cohen’s d (see Table 3). Thus,
indicating that the greatest difference in language performance between the groupswas on
their performance on the auditory comprehension subtest from the NBAA.
The high comprehension group performed significantly better on all NBAA subtests
than the low comprehension group. To specify, the high comprehension group consists of
patients with mild aphasic symptoms, whereas the low comprehension group consists of
patients with moderate to severe aphasic symptoms. An overview of the results of the
independent samples t-tests are presented in Table 3.
Table 2. VLSM-analysis of lesions associated with patients scores on the subtests repetition
and naming, MNI-coordinates in parenthesis (n = 42).
Repetition Naming
Z score Z score
Frontal lobe
RO 4.03 (−58 − 3 10) 4.09 (−54 − 1 7)
Temporal lobe
STG 3.98 (−54 − 27 19)
Note. All scores FWE-corrected Z score with permutations, p < .05. T-test range repetition: −1.336–4.037,
FWE corrected Z score with permutations = 3.88. Naming: t-test range: −0.902–4.146, FWE corrected
Z score with permutations = 3.76. RO = Rolandic operculum, STG = Superior temporal gyrus
Table 3. Independent samples t-test of all subtests from the NBAA between the patients who scored
above the median and the group who scored below the median (55.5) on the auditory comprehension







Range n M (SD) n M (SD) t
Cohen’s
d p
Age 21 72.9 (10.0) 21 72.9 (13.6) 0.0 1.000
NBAA total score 0-217 21 179.1 (33.5) 21 82.2 (54.9) 6.9 2.13 .001
Auditory comprehension 0-71 21 64.3 (4.7) 21 30.5 (18.8) 7.9 2.48 .001
Repetition 0-40 21 30.0 (12.2) 21 15.8 (15.7) 3.3 1.01 .002
Naming 0-41 21 32.7 (10.7) 21 11.0 (11.8) 6.2 1.92 .001
Reading comprehension 0-23 21 21.5 (1.5) 21 10.1 (8.2) 6.3 1.94 .001
Reading out loud 0-26 21 20.8 (7.5) 21 11.2 (10.0) 3.5 1.08 .001
Syntax 0-6 21 3.6 (2.0) 21 0.9 (1.8) 4.6 1.42 .001
Writing 0-10 21 6.4 (2.9) 21 2.3 (2.8) 4.6 1.41 .001
Note. *p < .05, **p < .001. Range = range of possible scores on the NBAA. M = Mean. SD = Standard Deviation. n = total
participants. NBAA = Norwegian Basic Aphasia Assessment
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Median score on the subtest was 55.5 (max: 70, min: 0) and the groups consisted of 21
patients in each group. Mean age was 72.9 in both groups, and each group consisted
equally of 12 men and 9 women. The groups differed significantly on all subtests on the
NBAA as indicated by independent samples t-tests. On the overall aphasia score the high
comprehension group had a mean score of 179.1 (SD: 33.5), and the low comprehension
group had a mean score of 82.2 (SD: 54.9), t = 6.9, p < .001.
Lesion volume
The group specific lesion localizations are illustrated in Figure 2. By visual inspection of the
images, the patients in the high comprehension group had lesions mostly in the inferior
frontal and posterior temporal areas, while the lesions of the patients in the low comprehen-
sion group had amore heterogeneous andwidely spread pattern. Independent samples t-test
was performed to investigate the differences in lesion volume between the groups. Mean
lesion volume in the high comprehension groupwas 19,019.43mm3 (SD: 22,040.46mm3), and
43,443.81 mm3 (SD: 39,382.34 mm3) in the low comprehension group, t = 2.48, p = .017. The
mean lesion volume was larger in the low comprehension group.
Pearson’s product moment correlation was performed on the whole group (n = 42) to
investigate the associations between lesion volume and aphasia severity and aphasic
symptoms. The results yielded a significant association between the patients’ lesion
volume and aphasia severity, as measured by the NBAA (r = −.59, p < .001), and the
subtests auditory comprehension (r = −.40, p < .009), repetition (r = −.49, p < .001), naming
(r = −.51, p < .001), reading comprehension (r = −.47, p < .002), and reading out loud
(r = −.50, p < .001). The results indicate that greater lesion volume was associated with
greater aphasia severity within the subtests.
Figure 2. Colorized maps depicting lesion overlaps in the left hemisphere in the high comprehension
group (left, group 1) and the low comprehension group (right, group 2) (n = 21 each group). Warmer
areas (red) illustrate a greater lesion overlap than colder areas (purple/blue). Maximum overlap in
individual voxels in the high comprehension group was 6, and 11 in the low comprehension group.
Mean lesion was 19,019.43mm3 in the high comprehension group, and 43,443.81mm3 in the low
comprehension group.
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Associations between lesions and overall aphasia severity
We investigated the patients’ overall aphasia severity scores from the NBAA and the
patients’ lesions in both groups. We found a significant association between the overall
aphasia severity score and lesioned areas of the brain in the high comprehension group,
but not in the low comprehension group.
Our results showed that within the frontal lobe, lesions within the rolandic
operculum (RO) the IFGpTri and IFGpOrb, the insula and the IFGpOp were associated
with aphasia severity. Within the temporal lobe, lesions within the STG and Heschl’s
gyrus were significantly associated with aphasia severity. Finally, lesions within the
parietal lobe, specifically the SMG, the angular gyrus, the superior parietal lobule
(SPL), the postcentral gyrus (postCG), and the inferior parietal lobule (IPL) were
associated with aphasia severity.
Associations between lesions and difficulties with word, non-word and sentence
repetition
We investigated the association between lesion site and the patients’ performances on
the subtest repetition from the NBAA. The subtest was treated as one subtest, and not
divided into word, non-word and sentence repetition because there are too few items in
each category (8 non-words, and 32 words and sentences).
Within the frontal lobe, we found that lesions of the insula, the IFGpTri, the IFGpOrb, the
IFGpOp, and the RO were associated with repetition difficulties. For the temporal lobe,
lesions of the Heschls’ gyrus and STG showed this association, as well. For the parietal lobe
lesions within the IPL, the angular gyrus, the postCG, and the SMG were associated with
repetition difficulties in aphasia.
Associations between lesions and naming
Significant results were found for the associations between the patients’ lesions and the
patients’ performance on the subtest naming.
In the high comprehension group, lesions within the frontal lobe that were
associated with naming difficulties included the insula, the IFGpOrb, the IFGpTri,
and the IFGpOp. Finally, within the temporal lobe, we found associations between
the patients’ lesions in Heschl’s gyrus and the STG and their performance on the
naming subtest.
Associations between lesions and difficulties reading words and sentences out
loud
We found a significant association between the patients’ lesioned areas of the brain and
the patients’ performance on the subtest reading out loud from the NBAA in the high
comprehension group.
Lesions within the frontal lobe associated with difficulties reading out loud
included the insula, the IFGpOp, the IFGpOrb, the IFGpTri, and the RO.
Furthermore, in the temporal lobe, lesions within the STG, and Heschls’ gyrus were
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associated with the patients’ difficulties with the subtest reading out loud from the
NBAA. Finally, lesions in the parietal lobe included areas within the SPL, the postCG,
the SMG, the IPL, and the angular gyrus. All results are presented in Table 4.
Discussion
The aim of the present study was to investigate the associations between lesion location,
lesion volume, aphasia severity, and aphasic symptoms in the acute phase in a group of
patients with left hemispheric stroke. We hypothesized that lesions that were associated
with speech comprehension deficits would mainly affect regions within the temporal
lobe, and lesions associated with speech production deficits would mainly affect the areas
comprising the frontal areas of the left hemisphere.
Greater lesion volume was associated with patients’ performance on the overall
aphasia score, and the subtests auditory comprehension, repetition, naming, reading
comprehension and reading out loud. Thus indicating that lesion volume has an adverse
effect on initial aphasia severity. This is in line with findings from several studies showing
that lesion volume is an important factor in aphasia outcome and recovery (Forkel et al.,
2014; Plowman et al., 2012). One important consideration in the interpretation of the
results of the current study is that the results are derived from the acute stage. A more
differential outcome could be expected, if the results were from the subchronic and
chronic stages after the stroke, hence ruling out the possible influence of spontaneous
recovery and cerebral blood flow in the acute stages of a stroke.
Our initial analysis of the whole group showed that difficulties in naming was asso-
ciated with lesions within the rolandic operculum. Likewise, we also found that difficulties
in repetition was associated with lesions within the rolandic operculum, and in addition,
Table 4. VLSM-analysis of lesions associated with overall aphasia severity, repetition, naming and
reading out loud in the high comprehension group, MNI-coordinates in parenthesis (n = 21).
Aphasia severity Repetition Naming Reading out loud
Z score Z score Z score Z score
Frontal lobe
RO 2.95 (−38 − 25 20) 3.12 (−38 − 25 20) 3.52 (−61 9 5) 4.02 (−38 − 25 20)
Insula 2.92 (−36 2 7) 3.12 (−36 2 7) 3.52 (−34 9 − 8) 3.84 (−36 2 7)
IFGpTri 2.92 (−49 17 1) 3.12 (−49 17 1) 3.52 (−48 23 10) 3.84 (−49 17 1)
IFGpOrb 2.92 (−49 20 − 2) 3.12 (−49 20 − 2) 3.52 (−49 20 3) 3.84 (−49 20 − 2)
IFGpOp 2.92 (−49 16 5) 3.12 (−49 16 5) 3.52 (−62 9 5) 3.84 (−49 16 5)
Temporal lobe
STG 2.95 (−50 − 35 20) 3.12 (−50 − 35 20) 3.52 (−61 − 6 3) 2.70 (−50 − 35 20)
Heschls’ gyrus 2.65 (−41 − 25 12) 2.65 (−41 − 25 12) 2.58 (−41 − 25 12) 2.70 (−41 − 25 12)
Parietal lobe
SMG 2.95 (−47 − 35 33) 3.12 (−47 − 35 33) 4.02 (−47 − 35 33)
postCG 2.65 (−37 − 39 59) 2.65 (−37 − 39 59) 2.70 (−37 − 39 59)
Angular gyrus 2.65 (−39 − 59 42) 2.65 (−39 − 59 42) 2.70 (−39 − 59 42)
IPL 2.65 (−39 − 51 53) 2.65 (−39 − 51 53) 2.70 (−39 − 51 53)
SPL 2.65 (−39 − 48 64) 2.65 (−39 − 48 64) 2.70 (−39 − 48 64)
Note. All scores FDR-corrected Z scores with permutations. T-test range aphasia severity: −1.593–2.949, FDR-corrected
Z score with permutations = 2.50, p < .05, repetition: −1.475–3.119, FDR-corrected Z score with permutations = 2.44,
p < .05, naming: −1.240–3.524, FDR-corrected Z score with permutations = 2.58, p < .05, reading out loud: −1.195–4.016,
FDR-corrected Z score with permutations = 2.44, p < .05. RO = Rolandic operculum, IFGpTri = pars triangularis,
IFGpOrb = pars orbitalis, IFGpOp = Inferior frontal operculum, STG = Superior temporal gyrus, SMG = Supramarginal
gyrus, postCG = Postcentral gyrus, IPL = Inferior parietal lobule, SPL = Superior parietal lobule.
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the STG. In a case study by Tonkonogy and Goodglass (1981) the rolandic operculum was
found to be associated with articulatory difficulties in a patient with aphasia. However,
Baldo et al. (2009) show that naming difficulties are a result of lesions within several areas
along the left hemisphere. Friederici and Gierhan (2013) emphasize that speech repetition
is a complex language process. This involves several regions along the parietal, temporal
and frontal cortex, which are connected by several white matter tracts such as the
superior longitudinal fascile and the arcuate fasciculus. Baldo, Katseff, and Dronkers
(2012) also did a VLSM analysis of brain lesions related to performance on a repetition
task and found that lesions along the left posterior temporo-parietal cortex were asso-
ciated with repetition difficulties in aphasia. Our findings from the whole group lesion
analysis are therefore not consistent with the theory of language processing as a system
dependent of several neural sites and connections within the brain (Damasio, 2008).
In order to investigate the lesion data further, we divided the patients into two groups,
based on the notion that auditory comprehension deficits is a key symptom in aphasia,
and based on the patients’ descriptive results on the subtest auditory comprehension.
One group consisted of patients with low auditory comprehension scores and the other of
patients with high auditory comprehension scores. As one would expect, we found that in
the high comprehension group the patients also scored significantly better on all subtests
from the NBAA compared to the patients in the low comprehension group. Further, we
found that in the high auditory comprehension group the patients’ performance on the
overall aphasia severity score, the subtests repetition, naming and reading out loud were
associated to lesions within specific regions within the frontal, temporal and posterior
areas of the brain. Surprisingly, the group of patients with more severe auditory compre-
hension deficits did not have any significant associations between lesion localizations and
their results on the NBAA subtests. One possible explanation of this finding is that the
localization of lesions in the low auditory comprehension group is much more hetero-
geneous. As shown in the group differences in lesion volume it is likely that the patients in
the low comprehension group have more cortical and subcortical areas that are affected.
Aphasia severity, repetition and reading out loud
The overall aphasia severity score and the patients’ performance on both the repetition
and reading out loud subtests were all associated with the same lesion patterns within the
inferior frontal (RO, insula, IFGpTri, IFGpOrb and the IFGpOp), temporal (STG), and parietal
areas (SMG, SPL, IPL, angular gyrus, postCG) of the left hemisphere (see Table 4).
The results indicate that patients with extending lesions within the frontal, temporal
and parietal areas of the left hemisphere have difficulties with more than repetition and
reading out loud as indicated by the association to the overall aphasia score. This is in
line with the notion that language is a complex process involving the activity of several
brain regions, that all contribute to the processing of language (Damasio, 2008; Turken
& Dronkers, 2011). As Turken and Dronkers (2011) point out in their study on the
structural and functional connectivity of regions associated with auditory sentence
comprehension, the language comprehension network consists of several regions
and pathways extending beyond the traditionally recognized language areas. It
involves a large-scale network including several white-matter pathways such as the
arcuate fasciculus, the inferior occipito-frontal fasciculus, the middle and inferior
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longitudinal fasciculi, the uncinate fasciculus and the tapetum. However, Turken and
Dronkers (2011) emphasize that the left MTG is a significant area in language compre-
hension. Our results do not confirm the left MTG to be significant, but the STG and
Heschl’s gyrus were found to be associated with several subtests and the overall
aphasia score.
As seen in Table 4 and illustrated in Figure 3 the test statistic values share the same
numbers across brain regions. By visual inspection in Figure 3, one can see that the
lesion patterns in all analysis are similar, except for the naming subtest. This indicates
that the same subgroup of patients share the same lesion patterns across the analysis.
Our results show that several regions within the frontal, temporal and parietal areas are
related to aphasia severity in the acute stage, but some regions overlap to a greater extent
indicating that certain areas are more crucial in aphasia in the acute stages post-stroke.
Furthermore, our findings are consistent with previous VLSM studies investigating apha-
sia and lesion location suggesting that certain areas are more involved in speech produc-
tion, and certain areas are more involved in speech comprehension (Buchsbaum, Hickok,
& Humphries, 2001).
Naming difficulties associated with a different lesion pattern
We found that focal lesions within the IFGpTri, IFGpOp, the insula, the STG and Heschl’s
gyrus were associated with naming difficulties in the high comprehension group. These
Figure 3. Colorized multislice maps of lesions associated with A: aphasia severity, B: repetition, C:
naming, D: reading out loud in the high comprehension group (n = 21). All maps include FDR-
corrections with permutations, p < .05. Warmer areas (red) indicate a greater lesion overlap than
colder areas (purple/blue). Color bars indicate Z scores.
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findings are to a certain degree consistent with Baldo et al. (2009) who investigated the
effect of lesion site on category-specific naming in patients with aphasia. Their results
showed that lesions within the left MTG, STG and the insula were associated with
difficulties in naming. Further, Baldo and colleagues found that smaller regions, such as
the IFGpTri, the IFGpOrb, the SMG and the angular gyrus were also significantly associated
with difficulties in naming tools and animals. However, the latter results could only be
partly replicated by our study, since we did not find lesions within the parietal lobe to be
associated with naming difficulties. One possible explanation might be the assessment of
naming difficulties. While Baldo and colleagues used category-specific tests and investi-
gated differences in lesion sites based on the categories, we did not divide the subtest
naming based on categorical properties.
General discussion
Five lesioned areas appeared to be more significant in aphasia severity post-stroke, since
they all were consistently associated with several subtests (see Table 4). These areas were
the IFGpTri, IFGpOp, insula, STG and Heschl’s gyrus.
The IFGpOp and IFGpTri correspond to the classical Broca’s area. These areas have been
related to a range of language functions; from language production, grammar, and verbal
fluency (Ardila, Bernal, & Rosselli, 2016b), tomotor sequencing in speech andmorphosyntax
(Ardila & Bernal, 2007), and to a broader role in the unification of semantic, syntactic and
phonological language processing (Hagoort, 2005). Our results confirm the traditional
assumption that Broca’s area is a crucial region in speech production; however, it does
not confirm that lesions within Broca’s area necessarily lead to Broca’s aphasia.
The insula has also been suggested to be important for the coordination of both
language comprehension and production (Ardila et al., 2016a). Oh, Duerden, and Pang
(2014) did a meta-analysis of fMRI-studies investigating the insula in both speech and
language tasks. They found that speech perception activated the left dorsal mid-insula,
and expressive language tasks activated the more ventral parts of the mid-insula. Their
findings suggest that the mid-insula is crucial in both speech and language processing.
Further, they suggest that the insula has a role in the coordination of higher-order
cognitive functions in speech and language processing (Oh et al., 2014). Further,
a lesion within the insula may also affect nearby language-related fiber tracts, like the
arcuate fasciculus or the tracts through the extreme capsule (Weiller, Bormann, Saur,
Musso, & Rijntjes, 2011).
The STG was suggested to have a central role in the dual-stream model of speech
processing, since it is active both during speech perception tasks, and speech recognition
tasks (Hickok and Poeppel (2007). Further, Buchsbaum et al. (2001) suggested that the
dorsal stream involves the posterior STG and that it projects to Broca’s area. The authors
suggest that the function of these areas is to connect speech sounds with speech motor
functions. In a study by Butler, Lambon Ralph, and Woollams (2014) it was found that
phonological processing involved the left posterior perisylvian region, including Heschl’s
gyrus, the posterior middle STG and STS, and also white matter underlying the posterior
STG. In accordance with Butler et al. (2014) our results confirm that lesions of the STG and
Heschl’s gyrus and the perisylvian region may contribute to deficits in both language
comprehension and language production.
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Limitations
Drawing lesions and determining lesions in VLSM is a time consuming, and subjective
procedure. MRI in the acute stage might also show distortion due to gliosis, atrophy and
ventricular changes which may be misinterpreted as the core lesion (Geva, Baron, Jones,
Price, & Warburton, 2012). However, the inter-rater reliability in the present study was
enhanced by a close cooperation between the authors by discussing and excluding
uncertain or unclear cases. Furthermore, distinguishing whether aphasic difficulties arise
from the lesioned area or from disconnection of undamaged areas of the brain might be
impossible to infer (Price, 2000). One cannot draw a causal relationship between lesions
and language functions based on the results of lesion studies. Lesion studies merely tells
us that the neuronal systems and the connections within a specific lesioned area of the
brain are associated or necessary for the lost function (Price, 2000).
Conclusions
To summarize, initial aphasia severity is clearly associated with lesion volume in the acute
stage. A further investigation to see if lesion volume still is associated with aphasia severity
in the more subchronic and chronic stages of aphasia would be interesting. Furthermore,
our results show that lesions within Broca’s area, insula, the STG and Heschl’s gyrus seem to
be part of a network that all are associated with difficulties with overall aphasia severity,
repetition, naming and reading out loud. These areas therefore seem to be crucial in both
language comprehension and production. This confirms current views that speech and
language processes depend on the integrity of the entire network comprising both cortical
structures and their interconnecting fiber tracts in the left hemisphere.
The results further confirm that a much cleaner picture can be obtained when patients
are categorized by specific deficits and not by their “classical” subtypes. One should
further emphasize that the patient group with low comprehension scores represented
a very heterogonous group in terms of lesion patterns. This is an interesting aspect in its
own, as it highlights that severely disturbed language comprehension can occur from
lesions at various places within the network.
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